Background: Alzheimer's disease (AD) is a progressive neurodegenerative disorder. In AD, monocytes migrate across the blood-brain barrier and differentiate into microglia, are linked to inflammatory responses and display age-dependent decreases in telomere lengths. Methods: Six monocyte-specific chemokines and the (telomere-associated) tumor suppressor proteins p53 and p21 were determined by multiplex immunoassay in plasma and monocyte extracts of patients with AD or mild cognitive impairment, and levels were compared between patients and controls (without cognitive impairment). Results: CCL15 (macrophage inflammatory protein-1 ␦ ), CXCL9 (monokine-induced by interferon-␥ ) and p21 levels were decreased in monocytes of AD patients compared with controls. Conclusion: The combination of monocytic CCL15 and p21 together with the Mini-Mental State Examination enables to differentiate AD patients from controls with high specificity and sensitivity.
Introduction
Alzheimer's disease (AD) is a neurodegenerative disorder morphologically characterized by ␤ -amyloid (A ␤ ) plaque formation, tau pathology, neurodegeneration and inflammatory processes [1, 2] . A probable diagnosis of AD is currently based on clinical evaluation, laboratory tests and brain imaging [3] . In order to support and simplify the diagnostic procedure, an intense search is underway for disease-specific biomarkers in the cerebrospinal fluid (CSF), blood plasma and blood cells. In the CSF, three biomarkers (A ␤ 42 , total tau and phospho-tau-181) have been well established [4, 5] . In blood, no specific biomarkers have been found despite intense research in proteins and genes of blood cells [6] .
Monocytes are formed in the bone marrow and are continuously released into the blood [7] . They are involved in peripheral immune and inflammatory mechanisms, and in response to inflammatory stimuli monocytes are recruited to the AD brain [8] [9] [10] . Inflammatory processes are abundantly found in AD, resulting in impaired regulation of several cytokines and chemokines in the blood [11, 12] . Chemokines are produced by a wide range of cell types, including monocytes, and have been found to be altered in AD. Reports on inflammatory cytokine and chemokine levels in the plasma and serum of AD patients vary significantly. For example, enhanced levels of interleukin-6, tumor necrosis factor-␣ or CCL15 [macrophage inflammatory protein (MIP)-1 ␦ ] have been found [13] [14] [15] . While other studies report decreased or unchanged protein levels [16, 17] , CXCL9 [monokine-induced by interferon ␥ (MIG)] is enhanced in the plasma of AD patients [18] . CCL2 [monocyte chemoattractant protein (MCP)-1] is also increased in serum and brain tissue, but it is reduced in peripheral blood mononuclear cells (PBMCs) [19] [20] [21] . It has been reported that monocytes produce CCL2 in response to A ␤ [22, 23] . Moreover, in AD patients microglia display replicative senescence earlier than in non-demented individuals, which may contribute to A ␤ plaque formation [24, 25] . AD patients also show shorter telomere lengths in monocytes compared with controls, and it is well known that a critical telomere length can trigger DNA damage, which is directly linked to the upregulation of tumor suppressor proteins p53 and p21 [26] [27] [28] [29] .
The aim of the present study was to investigate whether the levels of six selected specific monocyte chemokines/cytokines and the telomere-related tumor suppressor proteins p53 and p21 differ between patients with AD or mild cognitive impairment (MCI) and healthy subjects. We hypothesized that the combined statistical analysis of CCL15, p21 and the clinical Mini-Mental State Examination (MMSE) helps to differentiate AD patients from healthy controls with high sensitivity and specificity.
Patients and Methods

Patient Selection
Control (cognitively not impaired) subjects and patients suffering from AD or MCI were recruited from the Departments of Psychiatry in Innsbruck and Klagenfurt, Austria. All groups were assessed by the same diagnostic procedure. AD and MCI diagnoses were established by a structured routine process including clinical assessment, neuropsychological tests (MMSE) and neuroimaging (MRI) to exclude other brain pathologies [30] . MCI was diagnosed according to the criteria of Petersen et al. [31] . Probable AD was diagnosed according to National Institute of Neurological and Communicative Disorders and Stroke and the Alzheimer's Disease and Related Disorders Association criteria [32] . A general blood examination is part of the routine diagnostic procedure. All participants were scored using the geriatric depression scale (GDS). Exclusion criteria for healthy subjects, and MCI and AD patients included (1) another primary neurological or mental disorder (except depression, since it has been shown that depressive subjects without cognitive impairment were not different from controls in a selection of 16 plasma markers, and depressive patients with cognitive impairment did also not differ from cognitively impaired patients [15] ), (2) any kind of metabolic decompensation or any sign of peripheral inflammation (e.g. rheumatic disease), (3) long-term alcohol or drug abuse or (4) any current, clinically significant cardiovascular disease. In order to test the accuracy of the laboratory examination, blood from 63 subjects routinely explored at the Memory Clinic (Innsbruck Medical University) was analyzed on a blind basis and compared with the clinical diagnosis. The study was approved by the Ethics Committee of Innsbruck Medical University.
Plasma and Monocyte Collection
Monocytes were isolated as described recently in detail [33] . Briefly, blood (10 ml) was collected in EDTA tubes for normal routine clinical assessment and processed within 3 h. Plasma and PBMCs were isolated from whole blood by centrifugation (400 g , 30 min, room temperature) on a continuous-density Biocoll gradient (1.077 g/ml; Biochrom, Germany). Two thirds of the upper plasma phase and the interphase with the PBMCs, which is visible as a white stratum between the plasma phase and Biocoll, was carefully removed. Plasma was directly frozen at -80 ° C until use. PBMCs were washed in 50 ml of phosphate-buffered saline (PBS), centrifuged at 250 g for 6 min, and the pellet was dissolved in PBS with 1% bovine serum albumin. Monoyctes were isolated by negative magnetic isolation, as described by the manufacturer (Miltenyi Biotech, Germany). Briefly, PBMCs were incubated for 10 min on ice with a cocktail of various biotinylated antibodies (CD3, CD7, CD16, CD19, CD56, CD123 and CD235a). Then anti-biotin magnetic beads were added, and the mixture was incubated on ice for further 15 min, washed and the cells were applied to MACS MS columns (Miltenyi Biotech) on a strong magnet. The non-labelled monocytes were eluted and collected. Finally, cells were frozen at -80 ° C until analysis.
Measurement of Chemokines by SearchLight ELISA
The monocyte pellet was dissolved in 150 l PBS with a protease inhibitor cocktail (Sigma, Austria), sonicated on ice (3 ! 10 s, 125 W/cm 2 , 140 m amplitude, 100%) and centrifuged (10 min, 14,000 g , 4 ° C). The supernatant of the monocyte extracts or plasma was used to detect CCL3 (MIP-1 ␣ ), CCL4 (MIP-1 ␤ ), CCL15 (MIP-1 ␦ ), CCL2 (MCP-1), CCL22 [MIP-1 ␦ , macrophage-derived chemokine (MDC)] and CXCL9 (MIG) using the Thermo Scientific SearchLight Protein Array Technology (THP Medical Products, Austria), as described in our recent publication [15] . Briefly, 50 l of calibrated protein standards or extracts were added to coated wells and incubated for 3 h. After washing, the biotinylated antibodies were added. After incubation for 30 min, the wells were washed again and incubated with streptavidin-horseradish peroxidase conjugate. After the final washing step, the SuperSignal chemiluminescent substrate was added. All incubation steps were carried out on a shaker at room temperature. The luminescent signal was detected using CCD imaging and a Search-Light Array Analyst system. The concentration of each sample was quantified by comparing the spot intensities to the corresponding standard curves calculated from the standard sample results using the SearchLight Array Analyst Software.
ELISA for p21 and p53 Protein
The p21 and p53 protein levels of monocytes and plasma were measured using commercial ELISA kits (p21 Waf1/Cip1 ELISA; Invitrogen, Austria; p53 pan ELISA; Roche, Austria). Detection of p21 and p53 was performed as described by the manufacturer. Briefly, 100 l standard or extracts were added to coated wells and incubated for 2 h. After washing, the detection antibodies were added. After incubation for 1 h, the wells were washed again and incubated with a horseradish peroxidase conjugate for 30 min. After washing, stabilized chromogen substrate was added. After 30 min of incubation, the stop solution was added and absorbance was measured at 450 nm using a Zenyth 3100 ELISA reader.
Statistical Analysis of Individual Markers
The ability of the individual markers to discriminate between diagnostic groups was tested by analysis of variance (ANOVA). Markers for which a significant group effect had been detected by ANOVA were further determined by post hoc pairwise comparisons of groups using Fisher's least significant difference (LSD) method. No further adjustment for multiple testing was required as the number of diagnostic groups to be compared was three; in this case significance in the global F test and LSD testing (p ^ 0.05) was sufficient to keep the family-wise error rate at 0.05.
Prediction of Group Membership by Combining Several Markers
Two different methods were used to predict a subject's group membership on the basis of biomarkers and MMSE, namely binary logistic regression and discriminant analysis. The first method allows classification into only two groups, whereas the latter enables classification into three (or more) groups.
Discrimination between Pairs of Groups (Healthy versus MCI/AD, Healthy/MCI versus AD). Logistic regression with forward stepwise variable selection was used to identify those variables which, in combination, best predicted group membership in a two-group setting. A second analysis with backward stepwise selection served as a control (producing identical results). The predicted probabilities obtained from logistic regression were entered into a receiver-operating characteristic (ROC) analysis. From this analysis, estimates of the sensitivity and specificity at various cutoff levels and of the area under the ROC curve (AUC) were derived.
Discrimination between All Three Groups. Linear discriminant analysis with forward stepwise variable selection and equal a priori probabilities for all three groups (healthy, MCI and AD) was used for this purpose. Stepwise selection of predictor variables was based on Wilk's and the corresponding F statistic, entering all variables with a value of p ! 0.05 into the model. Predicted group membership was determined by means of Fisher's linear discriminant functions. Rates of correct classification and misclassification were estimated both directly and by means of cross-classification (bias-corrected version). In order to compare prediction by laboratory data only (1) and by combining laboratory parameters with MMSE (2), the discriminant analysis was run twice, once for the predictor set (1) and once for the combination set (2), testing for improved prediction by adding MMSE.
Results
Patient Characteristics
The characteristics of the patients and the controls are presented in table 1 . As expected, MMSE scores differed significantly between AD patients and controls, but not between MCI patients and controls. Eight controls, and 23 MCI and 25 AD patients were clinically diagnosed with mild depression (GDS score [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . None of the controls, but 12 MCI and 4 AD patients had a diagnosis of severe depression (GDS score [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . Healthy controls did not show a significant difference in GDS scores compared with AD patients, whereas MCI patients exhibited significantly higher GDS scores than AD patients or healthy controls ( table 1 ).
Plasma Levels
Chemokine plasma levels did not differ between controls and MCI patients ( table 2 ) . Plasma levels of CCL15 and CXCL9 were significantly elevated in AD patients compared with controls. Plasma levels of CCL4, CCL2 and CCL22 did not differ between patients and controls. CCL3, p53 and p21 levels in plasma were below the limit of quantitation of the assay ( table 2 ) . 
Monocyte Tissue Levels
In monocytes, CCL15 ( fig. 1 ) and CXCL9 levels were significantly lower in MCI patients than in healthy subjects ( table 2 ). In AD patients, CCL15 ( fig. 1 ), CXCL9 and p21 ( fig. 1 ) levels were significantly decreased compared with controls ( table 2 ). Monocytic CCL4 and CCL2 displayed a tendency to an increase in AD patients. Monocytic CCL3 and CCL22 levels of AD and MCI patients did not differ from those of healthy controls. The protein levels of p53 in monocytes were below the limit of quantitation of the assay ( table 2 ) .
Discrimination between Diagnostic Groups by Logistic Regression and ROC Analysis
A summary of the results of logistic regression and ROC analyses is given in table 3 . Using monocytic biomarkers only, discrimination between controls and cognitively impaired subjects (either MCI or AD) was only modest. ROC analysis yielded an AUC of 0.748 in com- bination with a sensitivity of 69.6% and a specificity of 72.7%. Discrimination between subjects with and without AD (control/MCI) was even poorer, with a sensitivity of 61.7% and a specificity of 61.4% (AUC = 0.679). Considering cognitively impaired subjects only, discrimination between MCI and AD was also poor (sensitivity 63.2%, specificity 64.6%, AUC 0.693, data not shown). Discrimination between controls and MCI/AD patients substantially improved when MMSE was added to the set of predictors: sensitivity of 80.7% and specificity of 84.7% (AUC = 0.912). Discrimination between patients with AD and those without AD was even better, with sensitivity and specificity reaching values 1 90%. However, for clinical applications, the classification into two groups given in this subsection probably has only limited value. A classification of the subjects into three diagnostic groups is presented in the next subsection.
Prediction of Diagnostic Group Membership by Discriminant Analysis
Linear discriminant analysis with stepwise variable selection and equal a priori probabilities for all three groups (healthy, MCI and AD) led us to include monocytic CCL15 (step 1: Wilk's = 0.851; d.f. = 1, 2, 145; F = 11.2; p ! 0.001) and monocytic p21 (step 2: Wilk's = 0.784; d.f. = 2, 2, 145; F = 9.25; p ! 0.001) in the model as significant predictors, whereas CXCL9 was not entered as it did not significantly improve group prediction. When MMSE was added as a predictor, diagnostic accuracy increased significantly (Wilk's = 0.346; d.f. = 3, 2, 144; F = 33.1; p ! 0.001). Both CCL15 and p21 remained in the model as significant predictors. A summary of the classification results is shown in table 4 . Sensitivity for the identification of MCI cases was high (81.8%). Sensitivity for the identification of AD cases was somewhat lower (72.1%), but most of the misclassified AD cases were categorized as MCI (23.7%); only 3 cases (5.1%) were erroneously classified as healthy. The specificity of the prediction model was only modest (57.6% correctly identified healthy controls), but all misclassified healthy controls were categorized as MCI, none as AD. Working with Fisher's linear discriminant functions (f0, f1, f2), the analysis yielded a formula allowing the prediction of diagnostic group membership on the basis of a patient's CCL15, p21 and MMSE values ( table 4 ) .
Blinded Laboratory Analysis
In order to test the accuracy of the prediction model based on laboratory biomarkers and MMSE, 63 patients routinely examined at the Memory Clinic were analyzed. Based on the formula, our 'laboratory diagnosis', including CCL15, p21 and MMSE, classified 60 subjects as cognitively impaired, while only 3 subjects were categorized as (cognitively not impaired) controls ( table 5 ). In contrast, according to the clinical diagnosis, only 50 subjects were classified as cognitively impaired, while 13 were defined as controls without cognitive impairment ( tables 1 , 5 ). Eleven subjects were categorized as AD cases according to the blinded laboratory analysis, whereas the clinical examination identified 17 cases with AD ( table 1 ). The classification results are detailed in tables 1 and 5 . Overall, in 63.8% of the subjects (43 of 63), classification did not differ between both methods; slight deviations (healthy subjects classified as MCI, MCI patients classified as AD patients) occurred in 36.2% of the cases. There were no completely misclassified cases (healthy subjects classified as AD or vice versa).
Discussion
Our findings show significantly decreased plasma levels for two monocyte-specific chemokines (CCL15 and CXCL9) and a reduction in the tumor suppressor p21 in AD patients compared to healthy subjects. When combining these two laboratory biomarkers with a clinical marker (MMSE), AD patients can be differentiated from healthy controls and MCI with high sensitivity and specificity.
Monocytes and AD
There is strong evidence that monocytes play a role in neuroinflammatory processes seen in AD. Monocytes migrate across a compromised blood-brain barrier and express chemokine receptors to guide immune cells to inflammatory sites [9, 10, [34] [35] [36] . Monocytic cell adhesion molecules are altered in AD patients [33, 37] . Further, the expression of chemokine receptors and cytokines was found to be increased in PBMCs of AD patients [38] . Thus, po- Healthy (n = 13) 1 (7.7%) 12 (92.3%) 0 (0.0%) MCI (n = 33) 2 (6.1%) 31 (93.9%) 0 (0.0%) AD (n = 17) 0 (0.0%) 6 (35.3%) 11 (64.7%)
Blo od from subjects routinely examined at the Memory Clinic was analyzed under 'blinded' conditions using the three statistical formulae (see Results) including p21, CCL15 and MMSE. These data were subsequently compared with the clinical diagnosis. tentially pathogenic mechanisms in AD, e.g. immune cell activation, may correlate with impaired regulation of cytokines, chemokines and cell adhesion molecules seen in the disease.
Chemokines in Monocytes and Plasma
This study provides additional evidence that chemokines are specifically affected in AD. The plasma levels of two of six chemokines, i.e. CCL15 and CXCL9, were increased. Both chemokines play a major role in the recruitment of immune cells to sites of injury or infection. CCL15 belongs to a subgroup of CC chemokines (containing six cysteine residues) and is expressed in monocytes after exposure to inflammatory stimuli [39, 40] . It has been shown that CCL15 plasma levels are reduced ( d score -1.6) in AD patients compared to controls [17] . The present study found reduced levels of CCL15 in monocytes and higher plasma levels in patients suffering from AD, which is in agreement with our previous study [15] . CXCL9 has chemotactic functions and plays a role in inflammatory response modulation. It has been shown that CXCL9 plasma levels are higher in AD patients [18] , which is consistent with our present observation. Most importantly, here we show that CXCL9 levels were significantly lower in monocytes of AD patients than in controls. Thus, it seems likely that reduced levels of CCL15 and CXCL9 in monocytes directly reflect an enhanced release of these cytokines into the blood, which fully correlates with our findings of enhanced plasma levels. However, it cannot be ruled out that the unchanged chemokines have a potential role in AD. CCL3 acts as a chemoattractant for a variety of cells and is produced and released by monocytes after stimulation with A ␤ [23] . CCL4 has been isolated from monocytes, has chemotactic activity and showed no difference between the brains of AD patients and controls [21, 41] . CCL2 plays a role in the migration of monocytes to sites of injury and infection, is produced in microglia and can be stimulated by A ␤ [22, 42] . Overall, it has been reported that CCL2 is upregulated in the brain, CSF, serum and plasma of AD patients [20, 21, 43, 44] . However, CCL2 plasma levels were decreased in severe AD [45] . In CSF and serum, CCL2 did not differ between control, MCI and AD groups [46, 47] . Even more controversially, CCL2 levels increased with age regardless of AD [48] . CCL22 and its receptor CCR4 play a role in homeostatic and inflammatory processes. The high heterogeneity between different studies may be ascribed to methodological differences, but also to the stage of disease, and the age and the overall health status of the patients.
p21 and p53 in Monocytes and Plasma
We assessed monocyte and plasma levels of tumor suppressor proteins p53 and p21, since we discovered a reduced telomere length in monocytes of AD patients (data not shown). Both proteins play a critical role in cell death and aging, and are directly related to telomere dysfunction [27] [28] [29] . The tumor suppressor p21 is a direct target of p53 and mediates the p53dependent cell cycle arrest in response to DNA damage and subsequent DNA repair [27, 49, 50] . In the brain, p53 plays an important role in regulating amyloid-precursor protein (APP) [51] , and APP protects neuronal cells against apoptosis by controlling p53 activation at the posttranslational level [52] . Further, it has been reported that p53 inhibition prevented microglial neurotoxicity [53] . In AD blood lymphocytes, the p53 protein and the dysfunction of the G 1 /S checkpoint have been considered as potential biomarkers [54] . Furthermore, it has been shown that p21-activated kinase interacts with APP and is markedly reduced in AD [55] . Thus, in the present study, we measured both tumor suppressor proteins in plasma and monocytes, but could not detect p53. However, to our knowledge, our data show for the first time that p21 is significantly reduced in monocytes of AD patients, which was not detectable in plasma. It seems likely that p21 is associated with telomere length reductions in monocytes but not secreted into the blood. The reduced p21 monocytic levels in AD patients could be a direct mechanism of the disease pathology or directly related to the telomere-shortening process.
MMSE as a Clinical Marker in Combination with Blood Markers
Our data show that the combination of two cytokines and the p21 suppressor protein alone enables neither satisfactory differentiation between cognitively impaired patients and healthy controls, nor a useful distinction of patients with AD from those without AD. However, when adding MMSE to the set of predictor variables, differentiation between the diagnostic groups was markedly improved. Notably, both MMSE and biomarkers (CCL15 and p21) were required to obtain a useful prediction. MMSE alone was also not sufficient. Our discriminant analysis based on CCL15, p21 and MMSE yielded a high sensitivity of 81.8% for the identification of MCI patients and a somewhat lower, but still fairly satisfactory, sensitivity of 71.2% for the correct detection of AD cases (particularly as almost all misclassified AD patients were categorized as MCI). Specificity levels were somewhat less satisfactory. Our allocation method based on biomarkers and MMSE tended to classify subjects as MCI, even if they were diagnosed as cognitively healthy by the clinician. However, the clinical diagnosis may not always be correct. Sometimes subjects with minor cognitive impairments are diagnosed as healthy by the clinician, whereas laboratory markers have the potential to identify AD-associated alterations at a very early stage.
The MMSE is a brief 30-point questionnaire that is used to screen for cognitive impairment and to estimate the severity of cognitive impairment at a given point in time. The MMSE total score may differentiate between normal age-associated memory symptoms and MCI (a possible prodromal state of AD) and also separate MCI from mild AD. As the MMSE was initially also used by the clinicians to diagnose AD, it seems to be a circle evidence to include MMSE in this type of diagnostic algorithm at first glance. We are fully aware of the clinical problems of an AD diagnosis, especially since the AD diagnosis is not confirmed by neuropathology. However, the aim of the blinded study was to receive the MMSE from the clinicians and to perform the blood tests, and to apply the blinded algorithm to separate AD/ MCI/controls. Based on this algorithm, it was possible to include the 'blinded MMSE value' obtained by clinicians and combine it with the two blood biomarkers. This way, the inclusion of MMSE was a first circle evidence marker to establish the algorithm, which could not have been possible without any histopathology. In order to test the efficiency of the 'laboratory diagnosis', we tested 63 subjects on a blinded basis and compared the findings with the clinical diagnosis. Indeed, the diagnosis was consistent in 43 of 63 cases (63.8%). Moreover, in none of the cases was a subject with a clinical diagnosis of AD classified as cognitively healthy or vice versa. We were thus able to distinguish AD patients from controls with high sensitivity and specificity.
Limitations of the Study
This study, however, has some limitations. First, the number of subjects analyzed was small, although the findings were statistically significant. Due to the limited amount of samples, we could not perform measurements for all cytokines. Second, this was a crosssectional study. Therefore, it cannot be determined whether the changes in chemokine levels cause the disease or are the results of brain pathology and inflammation in AD. Further research confirming these findings in large, prospective studies is needed. Current research efforts aim to identify individual markers or combinations of markers to facilitate objective diagnosis and treatment of AD. Changes in CCL15 and p21 levels are not proposed as a stand-alone test or screening tool, but they may be interesting biomarker candidates in a multiple-biomarker strategy. Further studies applying CCL15 and p21 together with multiple-biomarker strategies as well as other clinical markers may further improve diagnostic accuracy for early AD, MCI and other types of dementia (e.g. frontotemporal lobe dementia), too.
